Louisiana State University

LSU Digital Commons
LSU Master's Theses

Graduate School

October 2020

Correlation analysis of precipitation and River Flow with the
injection and discharge of The Three Gorges Dam and Reservoir
lirong yin

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Climate Commons, and the Hydrology Commons

Recommended Citation
yin, lirong, "Correlation analysis of precipitation and River Flow with the injection and discharge of The
Three Gorges Dam and Reservoir" (2020). LSU Master's Theses. 5219.
https://digitalcommons.lsu.edu/gradschool_theses/5219

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@lsu.edu.

CORRELATION ANALYSIS OF PRECIPITATION AND RIVER
FLOW WITH THE INJECTION AND DISCHARGE OF THE
THREE GORGES DAM AND REAERVOIR

A Thesis

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science

in

The Department of Geography and Anthropology

by
Lirong Yin
B.S., University of Iowa, 2019
December 2020

Acknowledgments
I want to acknowledge and extend my heartfelt gratitude to my advisor, Dr. Lei Wang, and
my committee members Dr. Barry D. Keim and Dr. Kory Konsoer, for their help and advice on
completing my Master's program. My friend and fellow Ph.D. student Dan Tian helped me in my
study and research. Thanks to Dr. Barry Keim, Dr. Kristine L. DeLong, Dr. Michael Leitner, and
Dr. Alex Haberlie for their support, time and help to improve my skill and quality as a scholar.
Thanks to my parents, who give me support and encouragement during my time at Louisiana State
University.

Lirong Yin

ii

Table of Contents
Acknowledgments ........................................................................................................................... ii
Abstract ........................................................................................................................................... iv
Chapter 1. Introduction .................................................................................................................... 1
1.1. Purpose and significance ................................................................................................. 1
1.2. Problem Statement ........................................................................................................... 3
Chapter 2. Literature Review ........................................................................................................... 4
2.1. Researches on the Influence of Dams .............................................................................. 4
2.2. The Three Gorges Dam (TGD) and the Yangtze River ................................................... 7
Chapter 3. Method ......................................................................................................................... 10
3.1. Wavelet analysis ............................................................................................................ 10
3.2. Wavelet coherence ......................................................................................................... 11
3.3. Person’s Correlation ...................................................................................................... 11
Chapter 4. Data and Data Descriptions .......................................................................................... 13
4.1. Data Sources .................................................................................................................. 13
4.2. The Precipitation datasets .............................................................................................. 16
4.3. The River Discharge datasets ........................................................................................ 27
4.4. The Dam Injection and Discharge datasets .................................................................... 33
4.5. Discussion ...................................................................................................................... 34
Chapter 5. The Wavelet Analysis .................................................................................................. 37
5.1. The wavelet analysis results of the Station Precipitation ............................................... 37
5.2. The wavelet analysis results of the River Discharge Near Station ................................ 40
5.3. The wavelet analysis results of the Dam Injection and Discharge ................................ 44
5.4. Discussion ...................................................................................................................... 45
Chapter 6. Correlation and Wavelet Coherence ............................................................................ 47
6.1. The Wavelet Coherence of Dam Injection/ Discharge and River Discharge ................ 47
6.2. The Wavelet Coherence between Dam Discharge and Station Precipitations ............... 52
6.3. The Correlation Map of River and Dam Injection/ Discharge....................................... 57
6.4. The Correlation Map of River and Precipitation ........................................................... 59
6.5. Discussion ...................................................................................................................... 67
Chapter 7. Conclusion ................................................................................................................... 70
Reference ....................................................................................................................................... 72
Vita ................................................................................................................................................ 75

iii

Abstract
The Yangtze River has been the primary support of the resources and transportation of
China. Its basin covers an area of 1.8 million square kilometers. The Three Gorges Dam and
Reservoir on the Yangtze River is one of the world's largest dams. After the dam construction in
1997, the reservoir started injecting the reservoir to a size of over 600 km2. The influence caused
by the dam and reservoir on the river system has been overwhelming and destructive. The possible
influence of this vast water body and the operation to maintain this waterbody's size and water
level on the river system is significant and ominous.
In order to study the relationship between the dam construction and the change in regional
precipitation, river discharge, and reservoir injection and discharge, this research used a wavelet
and coherence analysis by synthesizing the data of dam injection (1998-2018) and discharge
(2003-2018), precipitation from ground stations along the Yangtze River (1952-2020), and river
discharge raster maps (1998-2018) to study the temporal correlation and phase coherence among
these datasets. The analyses show a high coherence between dam operation and river discharge
rates and a minor seasonal coherence between dam operation and precipitation, and a change in
precipitation pattern after completion of the dam and reservoir.
Key Words: Three Gorges Dam, the Yangtze river, precipitation, dam and reservoir, wavelet
analysis, wavelet coherence, climate change, coupled human and nature dynamic system
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Chapter 1. Introduction
1.1.Purpose and significance
The Yangtze River is the longest in Asia, which originates from the Qinghai-Tibet Plateau.
Its mainstream meanders through 11 provinces of China and joins the East China Sea at
Chongming Island in Shanghai, with tributaries extending into eight other provinces. The Yangtze
River Basin covers an area of 1.8 million square kilometers, and the mainstream is 6397 kilometers
long (Jiang, Kundzewicz, & Su, 2008). The Yangtze River Basin influences 19 provinces of China,
accounting for 18.8% of China's land area (Jiang, Su, & Hartmann, 2007). The basin has abundant
natural resources that support regional development for millions of people's social and economic
needs. Rich sediments and nutrition carried in the stream are crucial for the natural habitat and
agriculture activities in the downstream areas (Liu et al., 2007).
Determined by the Yangtze River Basin's structure and functions, water resources, aquatic
ecology, water environment, and flooding disasters reflect the interactions among the
environmental changes (Yin & Li, 2001). The Yangtze River Basin sits in the subtropical monsoon
region. It originates from the high mountain plateau terrain in Southwest China and connects the
East China Sea on the east coast, where the terrain is low and flat. The climatic and topographical
conditions in the Yangtze River basin vary greatly. The river’s upper reaches are mainly glacial
ice/snow meltwater, and the water volume is small and seasonal. In the lower reaches, flooding
events caused by storms and heavy rainfall are the major threats related to the river. Rainwater
generally accounts for 70-80% of annual runoff (Yu, Chen, Ren, & Yang, 2009). Storm surges and
some tsunami from the coast sometimes put excessive water into the interior land causing coastal
flooding.
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Along the essential functions provided for local communities and the economy, the
Yangtze River is also well known for its long history of flooding disasters that are destructive to
the lives and economy (Jiang et al., 2008). Around 50,000 dams have been built in the Yangtze
River basin since the 1960s for flood control and prevention, including the Three Gorges Dam
(TGD)(Yang, Milliman, Li, & Xu, 2011).
Among all the dams, the Three Gorges Dam is the largest and most impacting dam in China
because of its enormous capacity and size (Guo, Hu, Zhang, & Feng, 2012). Since the Three
Gorges Reservoir's completion in 2002, the storage increased from 10 billion tons to 20 billion
tons in 2003. It further increased to 30 billion tons in 2006 and reached 39.3 billion tons of water
in 2008. During each water injection, the water storage increased by about 10 billion tons in one
to two months. After each significant water storage increase, the reservoir started a cyclical
fluctuation period. Water was stored to a high level through autumn and winter, drained to a low
level to free up flood capacity in spring, maintained to a low level for flood protection in summer.
The average water level difference between the autumn-winter period and the spring-summer
period is around 30 m. The impacts of this super dam reservoir on the local level around the
reservoir, on the river system and river condition, and the ecosystem and soil condition along the
Yangtze River, both upstream and downstream, have been explored and discussed in other studies
(Jiang et al., 2008; Nakayama & Shankman, 2013; Yin & Li, 2001). The dam's influence on the
weather pattern downstream at a mesoscale (5 km to 100 km) or larger scales has not been
meticulously discussed. During the discharging season, there will be a discharge of around 8
billion tons of water in 20 to 30 days, which may lead to a massive disruption on the hydro cycle
and precipitation pattern, which could cause significant city flooding in those large cities along the
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Yangtze River. The dam's influence on the river basin's seasonal and monthly precipitation should
be brought into the light.
1.2.Problem Statement
For better water resource use and flood prevention planning, it is needed to understand
more about the dam's impact on river discharge, regional precipitation, and frequency of extreme
rainfall events. This study aims to analyze the changes in river discharge and regional precipitation
records before and after the construction of the Three Gorges Dam. This research examines if there
are strong temporal correlations among these data by collecting daily records of the dam injection
and dam discharge, the precipitation from gauge stations, and river discharge in the river system.
The time-series data are analyzed with the wavelet analysis, which decomposes the data to
different frequencies or so-called time scales. The purpose of the frequency decomposition is to
examine if there is any correlation/coherence among these three datasets in time. The correlations
and coherence patterns can reveal the possible linkage of the changes in river discharge and
precipitation to the construction of the Three Gorges Dam.
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Chapter 2. Literature Review
2.1.Researches on the Influence of Dams
Human beings build dams to alter natural water flows to fit their demands for food,
hydropower, and water resources. Reservoirs aim to support activities such as agriculture, industry,
and navigation. Despite the long history of dam use, side effects of it were only realized recently.
Due to the advancing technology, modern dams and reservoirs are much larger in size and capacity
than before. The environmental problems caused by the large dams have become more concerned
and discussed intensively in the literature. The changes in the landscape and impacts on regional
climate have been recognized and studied.
Dams have multiple levels of impact on the environment. Depending on the occurrence
location (upstream, downstream, or at dam reservoir), three types of impacts exist. There are
mostly sediment removal and higher water level caused by the blockage on upstream. The impacts
on the downstream environment are more complicated because of the water quantity and water
quality changes. The reservoir area impacts are from the changes in crust weight distribution, land
cover, and sedimentation patterns. Even though extensive research has been done to study dams’
impact, environmental changes and ecological consequences could be much larger than what
people have known.
2.1.1. Impact on upstream
Increased river erosion caused by a dam is the primary mechanism that affects the upstream
geo-condition. Naturally, rivers will remove sediments from water passage, mostly fine particles
such as sand and clay (Ritter, Kochel, & Miller, 2011). The rivers' ability to transport sediment is
driven by sediment grain size and flow velocity (Thorne, 1982). The higher the river velocity, the
more and larger particles could be removed from upstream and carried to downstream. Finer
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particles are easier to be removed, and therefore in upstream areas, bear boulders are commonly
found in the riverbed. Removal of the riverbed material causes its base level to drop down further.
In the long run, river erosion will include removing boulders because water can gradually break
down rock facts into smaller pieces and carry them downstream.
2.1.2. Impact on reservoir vicinity
A reservoir's impact could be grouped into two types: the impact of the dam and reservoir
water weight (Gupta, 1992) and volume change (Sunamura, 1992) and the change in water bodies'
size. The enormous amount of water accumulated behind the dam will change the crust mass's
distribution by changing the gravity acted on the crust system and the curst's shape at a local scale.
The newly emerged mass water bodies cover the locations that were used to be river terrace. The
groundwater level is usually increased because of the increased groundwater recharge from the
water bodies by the higher pressure from the mass that squeezes more water into the water table
(Edwards & Whittington, 2001) and the larger boundary size between surface water and
groundwater recharge systems. The reservoirs' impact on the groundwater level is challenging to
measure, requiring extensive and longitudinal groundwater survey data.
The flow regime of rivers is different from the reservoirs formed by the construction of
dams. First, when rivers drain into a reservoir or lake, the flow velocity will drop dramatically,
causing the sediments carried in the river to deposit to the bottom. However, the reservoirs'
sediment pattern is different from floodplains because of the water bodies' smoothing effect (Ritter
et al., 2011). Second, the massive weight of water in the reservoir could severely erode the
embankment and cause bank failure. The large pressure added by the water mass to the bank, and
the reduction in soil shear strength by water simultaneously increase the landslide risk (Gupta,
1992; Ritter et al., 2011).
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Third, reservoir water is driven by the wind to erode the coast constantly. Although the
power is much lower than the ocean current, reservoir water will be able to gradually reshape the
landforms. Similar to erosion in river beds, water erosion around the reservoir coast can break
down large rocks (Sunamura, 1992).
2.1.3. Impact on downstream
The downstream impact is the most complicated because the changes include both erosion
and deposition in the river. Erosion usually happens at the outlet and the immediate downstream
of a dam. Both the suddenly increased flow velocity and the lack of sediment in water will lead to
massive erosion around the bankside right after the dam (Petts & Gurnell, 2005).
Downstream deltas and floodplains are affected profoundly by the retention of sediment
load by the dam in the reservoir -the lack of sediments and nutrition in the downstream river leads
to soil degradation and erosion of deltas and floodplains(J.-L. Du, Yang, & Feng, 2016). The
human-controlled seasonal reduction of the river's water discharge will cause the sediments to
deposit before reaching the original floodplain. This early deposition is especially severe in braided
rivers because its flow velocity is reduced by its curvature (Brandt, 2000). As a result, most fine
sediments, including fine sands, clay soil, and small organic particles and dissolvable nutrition,
have been reduced due to the dam and reservoir in upstream. (Osterkamp, Scott, & Auble, 1998).
2.1.4. Impact of a group of dams
The impact of multiple dams built within one basin has not been noticed until recent years.
A single dam has three types of impacts to upstream, reservoir vicinity, and downstream. If
multiple dams exist in one basin, the dams' upstream and downstream areas will overlap and create
a combined effect to complicate the river flow regime and sediment erosion and deposition patterns.
The intersection between one dam to another will form a unique landscape that sediment eroded
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right after the first dam will build a delta at the next dam reservoir's entrance. There are
approximately four sections in the inter-dam model between the first dam’s outlet and the second
dam reservoir entrance. (1) The highly eroded section right after the first dam is called Dam
Proximal. (2) The next section with the water speed reduction and heavy sediment deposition is
called Dam Attenuating. (3) The section where a fluvial system domains the deposition and erosion
pattern is called River-Dominated Interaction. (4) The delta built up at the second dam reservoir's
injection mouse is the reservoir-dominated and the reservoir lake (Skalak et al., 2013).
Overall, the complex changes in the flow regime and erosion and deposition patterns will
eventually cause the landscape to evolve accompanied by vegetation cover changes and
biodistribution (Bergkamp, McCartney, Dugan, McNeely, & Acreman, 2000). Erosion will
remove soil from riverbanks in term changes the habitat for vegetations. With the change of
vegetation, suitable habitats for fish, birds, and animals change consequentially (Petts & Gurnell,
2005). Depending on the dam and reservoir's size, the impact could be so deep over time that a
healthy recovery would never be possible even the dam is removed after its life span.
2.2.The Three Gorges Dam (TGD) and the Yangtze River
Previous studies of the Three Gorges Dam could be summarized into three types by their
focuses on different impacts on (1) meteorological characteristics around the reservoir; (2) the
biodiversity and ecosystem in the reservoir and river system; and (3) resilience of the dam to
climate change and extreme disasters.
The Three Gorges Dam reservoir inundates 632 km2 after 2009, and the average width of
the waterway increased from 0.6 km to 1.6 km. The land cover characteristics around the reservoir
would directly impact the local weather (Yu et al., 2009). With the change in the flow regime and
land cover, surface albedo and heat flux would change dramatically; therefore, heat distribution
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and the surface temperature will also change (Ge et al., 2018; Song et al., 2017). By changing the
water distribution along the Yangtze River concentrated to the dam's upstream, the water level has
dropped low for the downstream river channel (Lai, Jiang, Yang, & Lu, 2014). These
environmental changes will influence vegetations' habitat (Wen, Wu, Chen, & Lü, 2017) insects,
fish, and animals (G. Wu et al., 2009). The Three Gorges Dam's resilience and reservoir towards
extreme flooding and drought have been evaluated (Dai, Du, Li, Li, & Chen, 2008).
Over the years, human activities such as dam construction and engineering, industrial and
agricultural pollutions, overfishing, waterway regulation, bank slope hardening, sand excavation,
and quarrying have severely degraded the Yangtze River Basin’s ecosystem. Particularly, the
biodiversity, fishery resource conservation, water quality, and sediment load have been
compromised by the fast economic and population growth (Fu, Wu, Chen, Wu, & Lei, 2003).
Overgrazing of alpine meadows, excessive vegetation reclamation, invasive exotic fish species,
and other kinds of ecological disasters were observed during the recent decades (Fu et al., 2003;
New & Xie, 2008; Yin & Li, 2001). At the same time, human constructions of large projects and
the destruction of vegetation cover caused severe degradation of various ecosystems (Liu et al.,
2007; Wang et al., 2008). Densely constructed hydropower stations in the upper reaches of the
Yangtze River have changed flow velocity and sediment transport of the river, which have a deep
impact on the migration and habitats of some rare and endemic fish species (L. Li, Lu, & Chen,
2007; Yang et al., 2011; Yang et al., 2014). The ecosystems in desertification areas are particularly
vulnerable. The Yangtze River's middle reaches are densely distributed with rivers and lakes and
rich in water resources, but unreasonable reclamation has caused the lake wetland area to shrink
dramatically (Y. Du et al., 2011; L. Li et al., 2007). The lower reaches of the Yangtze River are
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from Hukou to the estuary, with polluting enterprises scattered along the river, and the water
ecology and water environment have deteriorated (Xu & Milliman, 2009; Yang et al., 2011).
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Chapter 3. Method
3.1.Wavelet analysis
Wavelet analysis is a tool for studying multi-scale frequency characteristics in time series.
Decomposing the time series to different scales can reveal the main variability patterns and
frequency of change and how these patterns and frequencies change over time (Torrence & Compo,
1998). Wavelet analysis has been widely used in science, engineering, and mathematics, especially
in geophysics (Baliunas, Frick, Sokoloff, & Soon, 1997; X. Li, Zheng, Wang, Yin, & Wang, 2015;
Zheng et al., 2017) and seismic signal analysis (Morlet, Arens, Fourgeau, & Glard, 1982).
Compared with the Fourier transform, wavelet analysis can better deal with non-stationary
changes at different frequencies(Daubechies, 1990). The wavelet function is suitable for the
sharply changing area of non-stationary signals. It can extract the local stationary characteristics
of the signal and obtain periodic changes under a specific ratio.
Due to the time-frequency characteristics of wavelets, wavelets are mostly used for timefrequency and time-scale analysis. The changes in precipitation and river flow are combined
frequencies from daily to seasonal. Therefore, wavelet is capable of decomposing these
frequencies to various scales and enables them to analyze separately.
Wavelet transform has two types: continuous wavelet transform (CWT) and discrete
wavelet transform (DWT). Continuous wavelet transform has better signal feature extraction
ability, so it is widely used in geophysical research to extract intermittent wave features of time
series (Chen et al., 2020; Furon, Wagner-Riddle, Smith, & Warland, 2008). In this study, the
continuous wavelet transforms (CWT) with the Morlet wavelet as mother wavelet is the main
method. The reason for using Morlet as the mother wavelet in this study is that the Morlet is the
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one that being able to identify the sinusoidal signal from the time-series, both sudden and constant.
The CWT process is as follow:
𝑁−1

(𝑛′ − 𝑛)𝛿𝑡
(𝑠)
′
𝑊𝑛
= ∑ 𝑥𝑛 𝜓 ∗ [
]
𝑠
′
𝑛 =0

Where 𝑊𝑛 is the power spectra, 𝑥𝑛′ represents the time series for analysis, 𝜓 represents the
mother wavelet, which is the Morlet wavelet in this study, 𝑛′ represents the translational value, N
is the localized time index, and 𝛿𝑡 represents the selected constant time spacing.
3.2.Wavelet coherence
The amplitude and phase information of the two signals are obtained using the multi-scale
time-frequency analysis feature of the wavelet transform. The coherence between two wavelet
results can show the consistency between the two time series of their changes in different time
scales (e.g., week, month, year). Wavelet coherence is an effective method to analyze two columns
of signals' interdependence, especially to detect instantaneous changes of coherence. The function
for the wavelet coherence of two time-series could be represented as:
2

𝐶𝑜ℎ𝑥,𝑦 =

|𝑆 (𝐶𝑥∗ (𝑎, 𝑏)𝐶𝑦 (𝑎, 𝑏))|

2

𝑆(|𝐶𝑥 (𝑎, 𝑏)|2 ) ∙ 𝑆 (|𝐶𝑦 (𝑎, 𝑏)| )

Where 𝐶𝑥 (𝑎, 𝑏) and 𝐶𝑦 (𝑎, 𝑏)denote the continuous wavelet transforms of x and y at scales 𝑎 and
positions 𝑏. The superscript * is the complex conjugate, and 𝑆 is a smoothing operator in time and
scale.
3.3.Person’s Correlation
Besides the wavelet coherence, the research also uses the person’s linear correlation to
convert the correlation map of river discharge with the precipitation and dam operation. By
examining the correlation between the dam operation datasets with the time series of river flow at
11

each raster cell, the linear correlation coefficient will represent the degree of the linear relation
between two series. The function for person’s correlation could be represented as the following
function:
𝑐𝑜𝑟(𝑎, 𝑏) =

∑𝑛𝑖=1(𝑎𝑖 − 𝑎̅)(𝑏𝑖 − 𝑏̅ )
1

{∑𝑛𝑖=1(𝑎𝑖 − 𝑎̅) ∑𝑛𝑗=1(𝑏𝑗 − 𝑏̅)}2
Where 𝑎̅ and 𝑏̅ represent the mean of the two time-series a and b, 𝑎𝑖 is the ith data in the
time series a, and 𝑏𝑗 is the jth data in the time series b, and n represents the time series's length.
The wavelet analysis and coherence are performed using the MatLab wavelet toolbox. The
correlation map of the river discharge raster and other two time series are calculated using
Pearson’s Correlation, also through the MatLab. All the data are normalized by their standard
deviations before analyzing.
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Chapter 4. Data and Data Descriptions
This section summarizes and analyzes the three different data types using their basic
statistic properties and descriptions.
4.1.Data Sources
The Ground Level Station Measurement of Daily Precipitation between 1951 to 2020 from
the China Meteorological Data Service Center is collected as the primary source. The precipitation
data is collected from the Climate Data Online of the National Oceanic and Atmospheric
Administration (NOAA). The selected data are the daily summary data from 6 different stations
(YiBin, ChongQing, YiChang, WuHan, AnQing, and NanJing Station). Among these six stations,
2 of them (The YiBin Station and the ChongQing Station) are upstream from the Three Gorges
Dam, 3 of them (The WuHan Station, the AnQing Station, and the NanJing Station) are
downstream from the Three Gorges Dam, and the YiChang Station is next to the dam reservoir
(Figure 4-1).

Figure 4-1 The Three Gorges Dam and Selected Precipitation Stations
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The data range is from January 1, 1951, until July 31, 2020. The primary data properties
and descriptions are presented in this section. In order to estimate and testify the possible
relationship between the station precipitation and the dam Discharge, three different stations are
selected because they are the closest to the Yangtze River. The ground precipitation Data cover
the year from 1951 to 2020. To examine the possible influence of the dam construction, the year
1998, when the dam construction was finished and started injection, is selected as a separator for
data grouping. Since there have been 23 years after the injection, the dataset is separated into three
groups, with the same 23-year time span. The precipitation data are from 1952-1974, 1975-1987,
and 1988-2020, so the dam's influence on the long-term precipitation could be easily identified.
The second dataset is the river discharge raster data. The river discharge is collected from
the Global Flood Awareness System (GloFAS), which is part of the Copernicus Emergency
Management Service (CEMS) (DOI: 10.24381/cds.a4fdd6b9). This raster data contains data from
January 1, 1993, till December 31, 2018, with a 0.1 x 0.1-degree latitude-longitude resolution. The
hydrological river routing model simulates this dataset with modeled gridded runoff data. The
dataset's data value is the volume rate of water flow in the river channel averaged over a time step
through a cross-section. The value is an average over 24 hours. The data are sampled according to
the six ground stations' latitude and longitude to demonstrate the dataset's basic characteristics and
examine against the precipitation data. The discussion and distribution of the data description will
be corresponding with and using the name of the Ground Stations.
According to the selected locations' overall statistic descriptions, there is a definite increase
in general river discharge and its variation. Among the six locations, the two most upstream
locations, the YiBin and ChongQing station, and the two most downstream locations, the AnQing
and Nanjing, show high similarity in their statistic descriptions (table 4-1 & figure 4-2).
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Table 4-1. The Overall Statistic Descriptions for River Discharge from Each Location
River Discharge (m3/s)

max

mean

median

min

std

YiBin

39545

9946.571

8090.7

2859.6

6294.992

ChongQing

42516

10929.54

8955.85

3141.9

6838.472

YiChang

66196

16187.54

13688

4520.2

9954.558

WuHan

87510

22980.77

19202

5821.7

14353.45

AnQing

120060

29000.91

24164

6871.9

18651.69

NanJing

123160

29621.5

24664.5

6942.4

19201.13

The Overall Statistic Discription for Locations
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Figure 4-2. The Overall Statistic Descriptions for the River Discharge Near the Six Stations

The third dataset is the dam operation data, which contains the dam's basic information,
including the amount of water injected into the reservoir and the amount of water discharged from
the dam gate (Figure 4-3). The basic information on the Three Gorges Dam is collected from the
China Three Gorges Corporation. The selected information is the average dam injection speed
from 1998 to 2018 and the average dam discharge speed from 2003 to 2018 (table4-2).
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Three Gorges Dam Water Level

WATER LEVEL (M)
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Figure 4-3. Water Level of the Three Gorges Dam
Table 4-2. The Statistic Descriptions for the Injection and Discharge of the Three Gorges Dam

(m3/s)

Dam Discharge

Dam Injection

max

55925.0000

68175.0000

mean

12806.6600

13118.6300

median

9668.7500

9575.0000

min

2912.5000

2900.0000

std

8349.9890

9987.0030

4.2.The Precipitation datasets
4.2.1. YiBin Station
The YiBin station is located at 28.8 N, 104.6 E, which is upstream of the dam, and it is the
most upstream station in all selected stations. The station precipitation has 903 no-data values in
the dataset. All no-data values are replaced with zero value.
The monthly precipitation data are further analyzed by breaking them into three periods
(Figure 4-4). The final period dataset has the smallest maximum value and means value, while the
minimum and standard deviation are almost equal to those from the middle period. The graph of
the monthly precipitation (Figure 4-5) confirms this trend. The bar graph and the line graph of the
standard deviation in the final period are smoother and flatter than those from the previous period.
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The YiBin Station
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Figure 4-4. The Average Monthly Precipitation and Standard Deviation at Yibin Station

YiBin Station Monthly Precipitation
Monthly Precipitation (mm)
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Figure 4-5. The Annual Monthly Precipitation and Standard Deviation at Yibin Station

4.2.2. ChongQing Station
The ChongQing station is located at 29.5 N, 106.5 E, which is upstream from the dam and
is the second upstream station in the selected stations. The station precipitation data has 919 empty
data in the dataset, which are replaced with zero.
For the daily precipitation data from 1951 to 2020, the daily mean is 3.1 mm, the overall
maximum is 271 mm, the minimum and median are zero, and the daily data's standard deviation
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is 9.34 mm. For the monthly precipitation, the mean of the dataset is 93.75 mm. The maximum is
553.4 mm, the minimum is 0.8 mm, the median is 72.3 mm, and the standard deviation is 80.3 mm.
The monthly data are also further analyzed by breaking into three periods (Figure 4-6). The
maximum, mean, and minimum values from the 1952-1974 period are 442.6 mm, 90 mm, and 0.8
mm, with a standard deviation of 77.44 mm. The 1975-1997 period values are 447.2 mm, 90.4
mm, and 1.3 mm, with a standard deviation of 74.2 mm. The 1998-2020 period has a maximum
value of 553.4 mm, a mean value of 101.3 mm, and a minimum value of 3.8 mm with a standard
deviation of 88.8 mm. In this station, the two early periods' statistic parameters are similar.
Simultaneously, there is a noticeable increase in average and maximum month precipitation in the
final period with a higher standard deviation.
The more detailed pattern of precipitation from different periods at this station is
demonstrated in figure 4-7. In the first two periods, the rainy months are not clustered. The three
months with the highest maximum month precipitation in the 1952-1974 period are May, June,
and August, while June, August, and September have the highest standard deviation. In the 19751997 period, the months with the three highest maximum are May, July, and September and the
months with the three highest standard deviations are also May, July, and September. In the two
early periods, the monthly average of May, June, July, August, and September are very similar,
while the maximums show a huge difference, which leads to the difference in standard deviations.
There is a noticeable increase in average monthly precipitation in the final period almost every
month compared to the two previous periods. The maximum monthly precipitation in the final
period forms a clearer bell-shape compare to the previous two periods. The final period's standard
deviation shows a bar shape where the March, April, and May have a similar standard deviation,
and the value from June to September also very similar.
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Figure 4-6. The Average Monthly Precipitation and Standard Deviation at Chongqing Station

Figure 4-7. The Annual Monthly Precipitation and Standard Deviation at Chongqing Station

4.2.3. YiChang Station
The YiChang Station is located at 30.7 N, 111.3 E, which is right next to the dam and is
the third station in the selected station when counting from upstream of the Yangtze River. The
station precipitation data has 1179 empty data in the dataset. There are 197 empty data in 2013,
180 empty data in 2014, 157 empty data in 2015, 160 empty data in 2016, 159 empty data in 2017,
175 empty data in 2018, 150 empty data in 2019, and 1 empty data in 2020. All of them are replaced
with zero value. For the daily precipitation data from 1951 to 2020, the mean of the overall daily
precipitation is 3.2 mm, the maximum is 229.1 mm, the minimum and the median are zero, and
the standard deviation is 9.82 mm. For the monthly precipitation data, the overall mean is 97.5
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mm, the maximum is 508.5 mm, the minimum is zero, the median is 74.8 mm, and the standard
deviation is 86.6 mm.
The monthly data are also further analyzed after breaking into three periods (Figure 4-8).
The maximum value is 484.3 mm from the first period, the mean value is 98.9 mm, the minimum
is zero, and the standard deviation is 89.1 mm. From the 1975-1997 period, the maximum value is
504.2 mm, the mean value is 94.5 mm, the minimum is zero, and the standard deviation is 85.2
mm. In the final period of 1998-2020, the maximum value is 508.5, the mean value is 99.1 mm,
the minimum is 0.3, and the standard deviation is 85.2 mm. Overall, the statistic parameters from
the three periods do not have a huge difference. The final period associated with the dam's
operation has the highest maximum, mean, and minimum standard deviation.
To examining the change in precipitation pattern, the monthly averages of each period are
given in the figure (Figure 4-9). As demonstrated in the graph, the monthly precipitation averages
from different periods show a similar bell-shape with a peak in July. The value from the two earlier
periods has higher seasonal variation than the ones in the last period. The mean monthly
precipitation from the final period shows a decrease in the rainiest month, July, and an increase in
the rest months. The maximum of the monthly precipitation shows a more server change of pattern
from the two periods before the dam construction to the period after it. The month with the most
significant monthly precipitation changes from July to June. The drier months (April, May, and
January) have a massive increase in the maximum value. The rainier months, July, September, and
October show a noticeable decrease in the maximum value. The shapes of the standard deviation
line from the 1952-1974 and 1975-1997 periods are very similar to a more symmetric bell-shape
than the one for the 1998-2020 period. The standard deviation line for the final period is flatter
and more bar-shaped than those from the first two periods.
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Figure 4-8. The Average Monthly Precipitation and Standard Deviation at Yichang Station
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Figure 4-9. The Annual Monthly Precipitation and Standard Deviation at Yichang Station

4.2.4. WuHan Station
The WuHan station is located at 30.6 N, 114.1 E, which is downstream of the dam and is
the fourth station in the selected station. The station precipitation data has 1798 empty values.
There are 215 empty values in 2013, 180 empty values in 2014, 175 empty values in 2015 and
2016, 245 empty values in 2017, 329 empty values in 2018 and 2019, and 150 empty values in
2020. Since 2018 and 2019 have 329 empty data and 2017 has five months with more than 20
empty data within one month, the data after December 31, 2016, is removed from the dataset to
avoid the empty data's influence. The rest of the empty values are replaced with zero value.
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For the daily precipitation data from 1951 to 2016, the average daily precipitation is 3.51
mm, the maximum is 317.4 mm, the minimum and median are zero, and the standard deviation is
12.1 mm. For the monthly precipitation data, the mean of the data is 106.81 mm, the maximum is
758.4 mm, the minimum is zero, the median is 82.85 mm, and the standard deviation is 100.1 mm.
The monthly data are also further analyzed after breaking into three periods (Figure 4-10).
For the dataset in the 1952-1974 period, the maximum value is 567.9 mm, the mean value is 101.4
mm, the minimum value is 0.3 mm, and the standard deviation is 97.6 mm. In the 1975-1997
period, the maximum of the dataset is 720.3 mm, the mean is 107.7 mm, and the minimum is zero
with a standard deviation of 97.2 mm. In the final period of 1998-2016, the maximum value is 758
mm, the mean value is 112.2, and the minimum value is zero, with a standard deviation of 107.1
mm. The mean values and the maximum values show an increasing trend from the first period to
the final period. The standard deviations from the first two periods are around 97 mm, increasing
to 107 mm in the 1998-2016 period.
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Figure 4-10. The Average Monthly Precipitation and Standard Deviation at Wuhan Station

The statistical descriptions for the monthly precipitation are presented to study a more
detailed change in the annual cycle of precipitation from different periods (Figure 4-11).In the
earlier two periods, the maximum value of each month's monthly precipitation shows a more
irregular shape. The mean value from these two periods is more bell-shaped than the last period.
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The mean and maximum value from the last period shows a more bar-shaped pattern. There is an
increase in average and maximum in January and February and a decrease in March. This change
leads to the values from these three months has a smaller difference. This trend also happens in
April, May, and June, September, October, and November. Besides the sharp increase in both
maximum value and mean value in July, the statistic parameters' overall shape for the 1998-2020
period is flatter than the previous two periods.
WuHan Station Monthly Precipitation
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Figure 4-11. The Annual Monthly Precipitation and Standard Deviation at Wuhan Station

4.2.5. AnQing Station
The AnQing station is located at 30.5 N, 117.1 E, which is downstream of the dam and is
the fifth of the selected station. The precipitation data has 1239 empty values in total. There are 6
empty values in 2005, 198 empty values in 2013, 169 empty values in 2014, 167 empty values in
2015, 170 empty values in 2016, 179 empty values in 2017, 172 empty values in 2018, 177 empty
values in 2019, and 1 empty values in 2020. All empty values are replaced with zero value. For
the daily precipitation data from 1951 to 2020, the average daily precipitation is 4.03 mm, the
maximum is 300.3 mm, the minimum and median are zero, and the standard deviation is 12.95
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mm. For the monthly precipitation, the mean of the dataset is 122.55 mm, the maximum is 873.2
mm, the minimum is zero, the median is 90.4 mm, and the standard deviation is 114.47 mm.
The monthly data are also further analyzed after breaking into three periods (Figure 4-12).
In the first period, the maximum monthly precipitation value is 594.7 mm, the mean precipitation
is 112.5 mm, the minimum is zero, and the standard deviation is 103.6 mm. In the 1975-1997
period, the maximum value is 709.7 mm, the mean value is 122.8 mm, the minimum is zero, and
the standard deviation is 112 mm. In the final period, the maximum value is 873.2 mm, the mean
value is 131.6 mm, and the minimum is still zero, with a standard deviation of 124.2 mm. The
maximum and average precipitation and the standard deviation all show an increasing trend from
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Figure 4-12. The Average Monthly Precipitation and Standard Deviation at Anqing Station

This station's monthly statistic descriptions are given and presented in this section to study
the annual precipitation pattern (Figure 4-13). The maximum and average value of the monthly
precipitation from the two previous periods Show a bell-shape with the month May, June, and July
as the rainy season. The maximum and mean value of the monthly precipitation from the last period
shows a bar-shape. In the final period, the month of January, February, and March have an increase
in monthly mean, and the month of April and May have a decrease. Mean monthly precipitation
increase during December and November and decrease during October and September. The three
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rainiest months in the last period are June, July, and August. The standard deviation from the two
previous periods shows a more bell-shaped pattern. The last period shows a more bar-shaped
pattern with an increase of standard deviation in the month with the lowest value and highest value
and decreased rest.
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Figure 4-13. The Annual Monthly Precipitation and Standard Deviation at Anqing Station

4.2.6. NanJing Station
The NanJing station is located at 31.9 N, 118.9 E, which is downstream of the dam and is
the sixth station in the selected station. The station precipitation data has 1308 empty values in
total. There are 193 empty values in 2013, 185 empty values in 2014, 186 empty values in 2015,
175 empty values in 2016, 189 empty values in 2017, 191 empty values in 2018, and 189 empty
values in 2019. All of the empty values are replaced with zero value.
For the daily precipitation data from 1951 to 2020, the daily dataset's mean is 3.02 mm, the
maximum is 235.5 mm, the minimum and the median are zero, and the standard deviation is 10.17
mm. For the monthly data, the mean of the dataset is 92.06 mm, the maximum is 777.9 mm, the
minimum is the zero, the median is 67.8 mm, and the standard deviation is 88.13 mm.
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The monthly data are also further analyzed after breaking into three periods (Figure 4-14).
The maximum value for the monthly precipitation from 1952-1974 is 608.4 mm, the mean value
is 87.4 mm, the minimum is zero, and the standard deviation is 81.6 mm. In the 1975-1997 period,
the maximum monthly precipitation is 533.2 mm, the mean precipitation is 86.55 mm, and the
minimum is zero with a standard deviation of 81.3 mm. In the final period, the maximum value is
777.9 mm, the mean is 103.2 mm, the minimum is zero, and the standard deviation is 101 mm.
This station also shows a similar mean and standard deviation in the 1952-1974 and 1975-1998
period, while the mean and standard in the final period has an increase near 20 mm compared to
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Figure 4-14. The Average Monthly Precipitation and Standard Deviation at Nanjing Station

The detailed change in the monthly precipitation patterns from the different periods is
presented (Figure 4-15). The mean and maximum value of the monthly precipitation from the two
early periods show a more bell-shaped pattern with a higher variation in different seasons. The
standard deviations from these two periods also are bell-shaped, with a peak in July. The mean
and maximum value from the last period shows the same tread that happens in previous stations.
The monthly precipitation shows a concentration in month June, July, and August, while the
seasonal variation from the rest of the months has decreased. The shape of the standard deviation
line from the last period also is flat on both ends with a squared peak in June and July.
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Figure 4-15. The Annual Monthly Precipitation and Standard Deviation at Nanjing Station

4.3.The River Discharge datasets
4.3.1. At YiBin Station
This river discharge near the YiBin Station data is sampled at 28.8 N, 104.6 E. The overall
mean of the data is 9946.6 cubic meter per second. The maximum of the river discharge is 39545
cubic meter per second, the minimum is 2859.6 cubic meter per second, and the median is 8090.7
cubic meter per second. The standard deviation is 6295 cubic meter per second.
According to the graph (Figure 4-16), August is the month with the most significant
variation within all daily discharge. February is the month with both the smallest average discharge
and the smallest standard deviation. The monthly standard deviation's overall shape shows a shape
decreasing from September to October, which means less variation in October. This shift could be
explained by decreasing the difference between the maximum and minimum value from
September to October.
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Figure 4-16. The Monthly River Discharge at Yibin Station

4.3.2. At ChongQing Station
This river discharge near the ChongQing Station data is sampled at 29.5 N, 106.5 E. The
mean of the average river discharge is 10929.54 cubic meters per second. The maximum discharge
is 42516 cubic meter per second, the minimum is 3141.9 cubic meter per second, and the median
of the dataset is 89955.85. The standard deviation is 6838.5 cubic meter per second.
According to the graph (Figure 4-17), July also has the highest daily river discharge record.
August is the month with the most significant standard deviation, which means the daily river
discharge from August in different years differs. February has the lowest number for all the
parameters, which means it has the lowest daily record and various the least over the years. The
shapes of standard deviation from YiBin Station and ChongQing Station both show a peak in
August. The standard deviation's overall shape also shows a sharp change from September to
October, like the one at YiBin. The shape of bar graphs at both stations has a smooth and slow
increase from January to July, and the peak of the discharge both reaches the maximum in July.
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Figure 4-17. The Monthly River Discharge at Chongqing Station

4.3.3. At YiChang Station
This river discharge near the YiChang Station data is sampled at 30.7 N, 111.3 E. The
overall mean of the data is 16187.5 cubic meter per second. The maximum river discharge is 66196
cubic meter per second, and the minimum discharge is 4520.2 cubic meter per second. The median
is 13688 cubic meter per second, and the overall standard deviation of the whole dataset is 9954.6
cubic meter per second.
The overall information on the statistic description is shown in Figure 4-18. In this location,
the month of August has the highest maximum discharge and highest standard deviation, while
July has the highest average of all the daily discharge from this month. In this location, February
still has the least record for all the statistic values. The bar graph's overall shape at this location
shows a peak in August while the July and September show little difference compared to August's
values. The overall shape of the standard deviation from this location shows a different trend
compare to the previous two stations. The line shows a shape increasing from June to July and a
smoother shape for the second half of the year. The peak of the standard deviation still shows a
peak in August. However, the line's shape shows that the river discharge variation is concentrated
in July, August, and September, while the rest months have a low variation.
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Figure 4-18. The Monthly river discharge at YiChang Station

4.3.4. At WuHan Station
This river discharge near the WuHan Station data is sampled at 30.6 N, 114.1 E. The mean
of the dataset is 22980.77 cubic meters per second. The maximum discharge is 87510 cubic meters
per second. The minimum of the dataset is 5821.7 cubic meters per second, the median is 19202
cubic meters per second, and the overall standard deviation is 14353.45 cubic meters per second.
As shown in the graph (Figure 4-19), in this location, July is the month that has the highest
record for all the statistic values. March has the lowest average for all data from this month.
February has the lowest maximum value of the daily average discharge and the lowest standard
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Figure 4-19. The Monthly River Discharge at Wuhan Station

The overall shape of the statistic values shown as a bar graph is a symmetric bell shape
compare to the previous three stations. The overall discharge increases compare to the three
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locations upstream. The month with the highest discharge in July while June's increase is not sharp
while the decrease towards August and September is flatter. The line graph's overall shape of the
standard deviation also shows a noticeable change compared to the upstream locations. The line
has a decrease in standard deviation from May to June while the decreasing from July to October
is more flat and smooth compare to the upstream ones.
4.3.5. At AnQing Station
This river discharge near the AnQing Station data is sampled at 30.5 N, 117.1 E. The
overall mean of the data is 2900.9 cubic meter per second. The maximum daily discharge is 120060
cubic meter per second, the minimum is 6871.9 cubic meter per second, and the overall standard
deviation is 18651.69cubic meter per second.
As demonstrated in Figure 4-20, the month of July has the highest maximum, minimum,
mean, and median of all the daily average discharge in July with the highest standard deviation
compared to other months. February has the lowest maximum, minimum, mean, and median record
for the daily discharge record, while January has the lowest standard deviation of the discharge
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Figure 4-20. The Monthly River Discharge at Anqing Station

At this location, the bar graph's overall shape is more symmetrical than the three stations
before the dam and the one station After the dam. The bar graph shows that the increase in river
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discharge is very smooth and flat in general. The shape of the line graph of the standard deviation
is also more symmetrical compared to the previous stations. The standard deviation line shows a
flatline from May to June, which may be correlated with the decrease in standard deviation from
May to June at the WuHan station. The month of July still has the highest standard deviation, and
there still is a very sharp increase in standard deviation from June to July and a very sharp decrease
from September to October.
4.3.6. At NanJing Station
This river discharge near the NanJing Station data is sampled at 31.9 N, 118.9 E. The mean
river discharge is 29621.5 cubic meter per second. The maximum record for the river discharge is
123160 cubic meter per second. The minimum is 6942.4 cubic meters per second; the daily median
is 24664.5 cubic meters per second. The standard deviation is 19201.13 cubic meter per second.
According to Figure 4-21, the month of July has the highest maximum record within the
month and the month's highest minimum record.
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Figure 4-21. The Monthly River Discharge at Nanjing Station

It has the highest standard deviation for all daily records from July. The bar graph's and the
standard deviation’s shapes are similar to those at AnQing station. These two stations share the
same month with the highest river discharge and the highest standard deviation. They also share
sharp changes in the standard deviation From June to July and from September to October.
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4.4.The Dam Injection and Discharge datasets
According to the monthly average of the dam injection and discharge (Figure 4-22, Figure
4-23, & Figure 4-24), the average discharge is greater than the average injection in November,
December, January, February, and March, while the average injection is greater than discharge in
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Figure 4-22. the monthly average of the dam injection and dam discharge
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Figure 4-23. the statistic description for the monthly dam discharge

Besides this pattern, both injection and discharge have a bell-shape annual cycle with the
maximum value in July and the minimum value in February. By comparing the discharge and
injection data's monthly standard deviation, the injection data has a higher standard deviation in
July, August, and September. The standard deviation line's shape forms a clearer bell-shape than
the standard deviation line of the monthly discharge, which is flatter and more asymmetrical.
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Figure 4-24. the statistic description for the monthly dam Injection

4.5.Discussion
Based on these statistic parameters, the difference and similarity of different stations and
the change trends of different data of the same station are discussed in this section. The purpose is
to infer possible driving forces behind these changes.
The precipitation datasets from the dam's downstream stations show a similar change trend,
while the upstream stations show no similar trends. This may indicate that the dam and reservoir
have no strong influence on the upstream. The other explanation might be that the three upstream
stations are located in the mountainous area. The impact is limited by the topography, compared
to the three downstream stations in the flooding plains. The mountain area would have more
localized weather and precipitation pattern.
Comparing the change in precipitation pattern after 1998, YiBin and ChongQing stations
display a flatted shape. The flatted monthly average in YiBin and Chongqing stations might be
attributed to the dam's completion and reservoir (L. Wu, Zhang, & Jiang, 2006). The reservoir acts
as the source of water and precipitation in dry winter months and a moisture barrier that stops the
monsoon from the coast during summer months. The influence of the reservoir is the strongest at
the YiChang station. With the overall average month precipitation still near 100 mm, the standard
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deviation decreases. It suggests that the precipitation is distributed more evenly into each month,
while the annual total precipitation remains at the same level.
All of them show an increase in the average monthly precipitation and an increase in the
standard deviation of the monthly precipitation for the three stations downstream from the dam.
With larger annual precipitation and an increase in the standard deviation, these three stations may
represent the higher risk of flooding caused by more heavy rainfall events. Considering the fact
that the East Asian monsoon has become weaker, this pattern are more likely to be caused by the
change made on the river system (Ding, Sun, Wang, Zhu, & Song, 2009).
The river discharge datasets display a straightforward modification of the discharge pattern
before and after the dam construction. The average river discharge in the first three locations shows
a more gradual trend: In July, August, and September, it has a flat average discharge and decreases
gradually in the last three months of a year. The river discharge from the three downstream
locations shows similar shapes with a small rise leg from January to July and a gradual decrease
from July to December. The similarity of the hydrographs indicates seasonal correlation among
these datasets. The standard deviations in the three downstream locations all have a small
increasing limb from January to June, a sharp increase from June to July, a peak in August, and a
sharp decrease from September to October.
The dam injection and dam discharge datasets are very similar to each other. These two
dataset's monthly average shapes are also very similar to the river discharge data at the downstream
locations. There is a mild slop from January to June, a sharp increase from June to July, and a
gradual decrease from July to December. Among the twelve months, the five months from June to
October have larger injection than discharge, while the others have discharges higher than injection.
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This section's data descriptions have indicated the dam and reservoir's possible influence
on the precipitation pattern and river discharge trend in both upstream and downstream of the
Yangtze River. The more detailed change of the precipitation pattern and the river discharge
pattern, and their relationship with the dam injection and discharge will be further discussed and
examined in the following sections.
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Chapter 5. The Wavelet Analysis
5.1.The wavelet analysis results of the Station Precipitation
Precipitation datasets from all three time periods show an annual cycle (continuous yellow
horizontal line at the half-height of the Y-axis) in the wavelet analysis. However, the upstream
stations have more noticeable and persistent annual cycles compare to those downstream stations.
In Figure 5-1 and Figure 5-2, the upstream stations, including the ChongQing station and YiBin
station, show an outstanding annual cycle. Also, both show a more robust cycle in 1952-1974 and
1975-1997, than in the last one, 1998-2020. In the 1975-1997 period, this station shows a decrease
in annual periodicity after 1992(after 15 on the x-axis). In the 1998-2020 period, the station shows
an increase in annual periodicity after 2014 (after 15 on the x-axis). The ChongQing station has
the most constant annual cycle in the 1975-1997 period, while the 1998-2020 period also has the
least robust annual cycle.

A (1952-1974)

B (1975-1997)

C (1998-2020)

Figure 5-1. The Wavelet Analysis Result for Monthly Precipitation at Yibin Station

A (1952-1974)

B (1975-1997)

C (1998-2020)

Figure 5-2. The wavelet analysis result for monthly precipitation at ChongQing Station
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The YiChang Station, located near the reservoir, shows the most robust annual cycle in the
monthly precipitation (Figure 5-3). Also, on the lower half of the graphs, the bright spots' number
decreases in the 1998-2020 period.
For the first two periods, the wavelet analysis figures, 1952-1974 and 1975-1997, have a
clear annual cycle with a bright yellow color, which means a robust wavelet magnitude over 1.
This robust annual magnitude represents the constant seasonal change every year, and the change
will be gradual and be a bell-shape. These two figures also have several bright spots in the area
with a cycle smaller than annual. These bright yellow lines on the annual cycle and the bright spots
below the annual line are not shown in the last period. This changing of color from yellow to green
shows that the seasonal change amplitude becomes smaller and more sudden and angular in the
last period.

A (1952-1974)

B (1975-1997)

C (1998-2020)

Figure 5-3. The Wavelet Analysis Result for Monthly Precipitation at Yichang Station

A (1952-1974)

B (1975-1997)

C (1998-2016)

Figure 5-4. The Wavelet Analysis Result for Monthly Precipitation at Wuhan Station

The downstream stations are more complicated compared with the upstream stations. The
WuHan station shows a decrease in periodicity on the annual scale and cycles with a period smaller
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than one year from the first two periods to the last period (Figure 5-4). The WuHan station has a
bright spot in 1998 at the beginning of the 1998-2016 period with a small seasonal (1/4 of a year)
period. It also has a relatively bright spot in 2016 at the end of the 1998-2016 period.
Overall, this station has the least wavelet magnitude in the third period. In the wavelet
analysis graph of 1998-2016, the annual cycle appears as a green line, which indicates a weak
annual cycle. In the bottom half of this figure, where the period is smaller than one year, The
wavelet magnitude is relatively small, shown as bright blue and dark blue, but these stripes with
bright blue and dark blue color form a scattered pattern seasonal level(1/4 year).

A (1952-1974)

B (1975-1997)

C (1998-2020)

Figure 5-5. The Wavelet Analysis Result for Monthly Precipitation at Anqing Station

The AnQing station (Figure 5-5) also shows a decrease in wavelet magnitude for the annual
cycle. This station has several bright spots on the seasonal cycle and half year cycle beside the
annual cycle. The brightest spot is located in 1999, with a seasonal cycle (0.25 years). There is a
bright vertical line around the 13 on the x-axis, three bright spots with the seasonal cycle in 2014),
2016, and 2017. There are also two bright spots with a half year cycle in 2015 and 2017. The
NanJing station shows a different trend compare to the other five stations.
The NanJing station (Figure 5-6) shows an increase of wavelet magnitude at the annual
level from 1952-1974 till 1998-2020. There is an increase of wavelet magnitude from 1952-1974
to 1975-1998. The brightness of the annual cycle line is increased. The brightness and the amount
of the bright spot with a period smaller than annual are also increased. This increase has been
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further developed from 1975-1997 to 1998-2020. The 1998-2020 period analysis has three very
bright spots around 2016. There is a bright spot from 2015 to 2017 on the annual level. There are
two bright spots on the seasonal level in 2015 and 2016. The bright spot in 2016 may be correlated
with the bright spot in the same year at the WuHan station and AnQing station.

A (1952-1974)

B (1975-1997)

C (1998-2020)

Figure 5-6. The Wavelet Analysis Result for Monthly Precipitation at Nanjing Station

5.2.The wavelet analysis results of the River Discharge Near Station
Since the daily River discharge data are raster, the wavelet analysis uses the time series
extracted from the raster pixel located at the latitude and longitude of the six ground-level
precipitation stations from 1998.
Overall, all the analysis results of the monthly River discharge from the six selected
locations show a very steady and concentrated annual cycle. The results from different locations
(Figure 5-7) have different bright spots along the line, representing high wavelet magnitude at the
annual cycle. The YiChang station, located next to the reservoir, shows a bright spot at the
beginning of the time scale. The downstream stations have similar bright spots, which is
corresponding to the start of reservoir injection.
With the idea to identify other possible porotic characteristics in the River discharge other
than the annual cycle, the wavelet analysis is performed on the six times series after removing their
mostly average from the datasets.
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A（At YiBin Station）

B（At ChongQing Station）

C（At YiChang Station）

D（At WuHan Station）

E（At AnQing Station）
F（At NanJing Station）
Figure 5-7. The wavelet analysis result for river discharge with the annual cycle

The wavelet analysis result of the river discharge near YiBin station after removing the
annual cycle (Figure 5-8-A) shows a scattered green and dark blue pattern at the seasonal (1/4 year)
level with four bright spots at 1998, 2002, 2003, and 2009. This shows a relatively higher wavelet
magnitude at the green spots comparing to the dark blue. There are also several bright spots on the
half-year period level in 2006 and 2012. Besides these high magnitudes at the high-frequency level,
there is a bright spot at the period scale above the annual line in 2012.
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A（Near YiBin Station）

B（Near ChongQing Station）

C（Near YiChang Station）

D（Near WuHan Station）

E（Near AnQing Station）
F（Near NanJing Station）
Figure 5-8. The wavelet analysis result for river discharge without the annual cycle

For the river discharge near ChongQing station(Figure 5-8-B), the wavelet analysis result
also shows a scattered green pattern on the seasonal period level with bright spots in years 1998,
2002, 2003, and 2009, which are the same years that the YiBin station shows a high wavelet
magnitude with a seasonal period. The river discharge near ChongQing station also shows a high
magnitude in 2006 and 2012 at the half-year scale and a bright spot in 2012 with a period greater
than one year.
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After removing the annual cycle, the river discharge analysis near the YiChang station
(Figure 5-8-C) shows a scattered green and blue pattern at the seasonal period level. The bright
spot in the first year with a periodic cycle from seasonal (1/4) to one year also shows a high wavelet
magnitude after removing the annual cycle. This station's overall magnitude is lower than the
previous station, even though wavelet magnitude change patterns over time are similar. The bright
spots in 2002, 2003, and 2009 are still visible yet with a much smaller magnitude.
The analysis result of the river discharge near WuHan station after removing the monthly
average (Figure 5-8-D) shows the less scattered pattern on the seasonal level compares to the
previous three locations. The locations of the bright spot are also not the same. There are bright
spots in 1999, 2003, 2005, and 2017 on the seasonal and 2000 and 2008 at annual level. The
precipitation data from this station also shows strong seasonal and annual patterns at the beginning
of the time scale.
The wavelet analysis result of the river discharge near the AnQing station after removing
the monthly average (Figure 5-8-E) shows a less obvious scattered pattern on the seasonal period
level with fewer bright spots. There are two noticeable bright spots with a seasonal period at 2005
and 201). These are the same years where the WuHan station has its bright spots. Besides the bright
spots on the seasonal level, there still a bright spot at 2008 on the annual level. At the beginning
of the period, the bright spot covers from seasonal to annual level shows a smaller magnitude than
the previous stations.
For the river discharge near the NanJing station, the wavelet analysis result (Figure 5-8-F)
from the dataset shows a similar scattered pattern as the rest of the stations. A less noticeable color
change from one year to the next. There are still bright spots at 2005 and 2017 with a seasonal
period and 2008 with an annual period.
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5.3.The wavelet analysis results of the Dam Injection and Discharge
The dam injection and discharge (Figure 5-9-A&B) display a clear and steady annual cycle
with no noticeable bright spots in the analysis result. The wavelet analysis is also performed on
the dataset after removing the monthly average to remove the annual cycle's influence and identify
other periods with a high wavelet magnitude. The wavelet analysis results for the dam discharge
after removing the annual cycle (Figure 5-9-C) has several bright spots along the scale with a
seasonal period (1/4 year).

(A)Dam discharge with the annual cycle

(B)Dam Injection with the annual cycle

(C)Dam discharge without the annual cycle
(D)Dam Injection without the annual cycle
Figure 5-9. The wavelet analysis result for monthly Dam

Besides the bright spots with a yellow color, there is a definite scattered color change on
the seasonal scale while the number of the change correspondent to the number of years in the time
scale. This scattered pattern is not noticeable in the analysis results before removing the annual
cycle. This scattered pattern could also be found in the dam injection (Figure 5-9-D) after removing
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the annual cycle. Besides the scattered change on the seasonal level, the dam injection data also
have a bright spot on the half-year scale at the very beginning of the dataset at the year 1998.
5.4.Discussion
In this section, a comparison of the data's wavelet decompositions from different stations
will be discussed. A possible explanation of the stations' differences and similarities will also be
inferred regarding the Three Gorges Dam reservoir's impact.
All precipitation datasets from the different stations show a scattered pattern at the seasonal
level, indicating there might be one or two seasons having more periodic characteristics than other
seasons. Considering that this pattern exists in the time series with the removed annual cycle, there
is one season every year with a systematic deviation from the norm. The previous section's statistic
descriptions support this finding that summer deviations are much larger after the dam was built
in 1998. Besides the generally scattered pattern, the bright spots at the seasonal level are coherent
in all the stations. The shape of the mean monthly precipitation changes from a bell-shape in the
two previous periods (1952-1974 and 1975-1997) to a bar-shape in the final period (1998-2020,
1998-2016 for WuHan station). This change corresponds to the decrease in the wavelet magnitude.
The wavelet magnitude of the river charges declines from upstream to downstream beside
the seasonal changes each year. Furthermore, the bright spots coincide in the graph for different
years, indicating the interconnected river discharge between upstream and downstream. The three
stations to the downstream of the dam are under the East Asian monsoon’s influence, during which
heavy precipitations influence the local river discharge. Despite the monsoon's influence, the river
discharge patterns show strong spatial similarity from upstream to downstream after removing the
monthly average from the dataset.
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The dam injection and dam discharge wavelet analysis display human manipulation of
water storage in the reservoir. The discharge data shows a higher magnitude at the annual cycle
compared to the injection data. After the annual cycles were removed, the discharge data has more
bright spots in the wavelet decomposition graph than the injection. The reservoir water level is
managed through dam discharge control for water use and flood prevention. Therefore, there is
more seasonality in the discharge data than the injection.
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Chapter 6. Correlation and Wavelet Coherence
6.1.The Wavelet Coherence of Dam Injection/ Discharge and River Discharge
The wavelet coherence is performed on the dataset to measure the strength of the shared
annual periodicity in Dam Injection/ Discharge and river discharge data.
The wavelet coherence between the dam injection and the river discharge at the YiBin
station (Figure 6-1) shows a high level of similarity with the results between the dam discharge
and the river discharge, which should be caused by the similar periodicity between the dam
injection data and the dam discharge data. Even after removing the annual cycle, the average river
discharge at this location shows a high coherence with the dam discharge and injection on the
graph with a period greater than one year. The graph shows several blue spots along the seasonal
period, which indicates a lack of coherent. In general, dam discharge coherence with the river
discharge and the dam injection with the river discharge at this location is covered with a high
coherence show as bright yellow.

(A)the Dam discharge and river flow
(B)the Dam injection and river flow
Figure 6-1. The Wavelet Coherence near YiBin without annual cycle

Overall, the direction of the phase arrows is towards the right. The dam discharge and
injection data are in-phase with the river discharge at YiBin station even after removing the annual
cycle. For the result of dam discharge and rive discharge, the phase arrow at the seasonal period
level shows a tilting toward up or down in different years. In 2007, the phase arrows pointed to
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upright, which means the dam discharge leads the river discharge. After 2010, the phase arrows
are toward the down-right direction, which means the river discharge at this location leads the dam
discharge data in a seasonal cycle. The same trend is shown in the result of dam injection. The
direction of phase arrows in 2007 is to the up-right. The direction of arrows after 2010 is to the
down-right.
The wavelet coherence between the dam injection and the river discharge at the ChongQing
station (Figure 6-2) shows fewer similarities with the dam discharge and rive discharge from the
YiBin station. The overall result with a period smaller than annual still shows a high similarity
between the dam discharge result and the dam injection result. However, the wavelet coherence
with a period of more than one year is stronger between the dam discharge and the rive discharge,
especially at the 2-year and 4-year period level.

(A)the Dam discharge and river flow

(B)the Dam injection and river flow

Figure 6-2. The wavelet Coherence near ChongQing without annual cycle

The phase arrows' direction in both results is in the right direction, which means the two
pairs of datasets show an in-phase coherence after removing the average seasonal change. Overall,
the phase arrows with a period greater than one year show a horizontal arrow towards the right.
However, the phase arrows located at the bottom half of the graph have a tilt to the up or down
direction.
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In the resulting graph between Dam discharge and River discharge, the arrows add the
seasonal level before 2007 are awarded the up-right direction. Those after 2007 are towards the
down-right direction. All the half-year level, the arrow tilt towards the up direction before 2010 is
more severe than those at the seasonal level. The rest of the arrows at the half-year level are in the
right horizontal direction. The phase arrows and the resulting graph of dam injection and river
discharge also shows a change of arrow direction from the early years to the end.
Arrows at the seasonal level in this result do not show a considerable change in arrow
directions. These arrows do not possess a huge tilting angle to the up or down direction. The arrows
at the half-year period level are all tilting towards the up direction, which means the river injection
leads the river discharge.
The wavelet coherence between the dam injection with the river discharge at the YiChang
station (Figure 6-3) shows a more substantial and continuous coherence between the two data sets
than the one between the dam discharge and the river discharge. The result of the dam discharge
and river discharge shows a lack of coherence at the annual scale before the year 2014 and a
constant high coherence at the two-year scale from the beginning to the end.

(A)the Dam discharge and river flow
(B)the Dam injection and river flow
Figure 6-3. The wavelet Coherence near YiChang without annual cycle

The dam discharge and River discharge's wavelet coherence show low coherence in 2007,
2010, 2016, and 2017. The dam injection and River discharge's wavelet coherence shows a low
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coherence in the same years at the seasonal level. However, this graph shows a more continuous
high coherence on the annual level and half-year level. Most of the phase arrows resulting from
the dam discharge and river discharge are in the right direction. Only the arrows at the half-year
and the seasonal scales in the year 2013 show a tilting to the downward direction, which means
the river discharge data lead the dam discharge in time. The coherence result of the dam injection
and River discharge shows a different pattern. Most of the arrows at the half-year level have a
tilting towards the upward direction, which means the river discharge leads the dam injection.
The wavelet coherence between the dam injection and discharge and the river discharge at
the WuHan station after removing the annual cycle (Figure 6-4) does not display a continuous high
coherence on every period like the three upstream locations. Both coherence results show a high
coherence at the 2-year scale after 2006 in the dam injection and discharge results. The coherence
at the seasonal period shows a scattered pattern in both results with a bright strip almost every year.
The phase arrows in these two results also show a pattern pointing to the right, which means most
of the dam injection and discharge data are in-phase with the river discharge data at this location.

(A)the Dam discharge and river flow
(B)the Dam injection and river flow
Figure 6-4. The wavelet Coherence near WuHan without annual cycle

However, there are bright spots in both results at the half-year scale in the yar 2013, where
the phase arrows are to the down-left direction. This could mean the datasets are anti-phase while
the river discharge is leading the dam injection and discharge. Besides this spot, the overall
50

direction in the dam discharge and rive discharge results with a period smaller than one year are
to the up-right direction, which means the dam discharge leads the river discharge. There is an
exception in 2004 with an arrow direction toward down-right for both graphs, which means that
the river discharge data lead the dam injection and discharge in that year.
The wavelet coherence between dam injection and river discharge near the AnQing station
(Figure 6-5) displays a high coherence in 1998 and 1999 with a period from seasonal to annual.
There is also a high coherence with a 2-year period from 2008 till the end. Besides these continuous
high coherences, this coherence result also shows a scattered pattern at the seasonal scale with a
bright-to-dark change every year.

(A)the Dam discharge and river discharge
(B)the Dam injection and river discharge
Figure 6-5. The wavelet Coherence near AnQing without annual cycle

The dam discharge and river discharge results also have continuous high coherence from
the year 2008 with a two-year cycle. Both results have a bright spot between annual to half-year
in 2016. Most of the phase arrows in these two results are in a rightward direction. There are three
years in both results with arrows pointing to the leftward: 2012, 2013, and 2007. The injection
result had a leftward arrow in 2005. Among the rightward arrows, the year 2004 in both results
has a tilt to the downward, meaning the river discharge data are leading the rest rightward arrows
have an upward tilt. Among the leftward arrows, only the arrows in the injection results in the year
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2005 tilt to upward, which means there is an anti-phase between the datasets, and the dam injection
data are leading in time.
The wavelet coherence between the dam injection and discharge with the river discharge
at the NanJing station (Figure 6-6) shows a high coherence on the 2-year level from 2009. There
is a bright spot from the seasonal level to the annual level in 1998-2000 and a bright spot with a
half-year cycle in 2001for the injection result. The phase arrows in these two graphs show a general
in-phase trend with a rightward arrow.

(A)the Dam discharge and river discharge
(B)the Dam injection and river discharge
Figure 6-6. The wavelet Coherence near NanJing without annual cycle

Despite the general consistency among the coherent arrows, there are some exceptions.
There are two bright spots in the dam discharge result in 2007 and 2013, with a leftward arrow.
There are three bright spots in the injection result in 2005, 2012, and 2013 with a leftward arrow.
Most of the arrows are upward, which means leading the dam injection and discharge data over
the river discharge data.
6.2.The Wavelet Coherence between Dam Discharge and Station Precipitations
The wavelet coherence is performed on the datasets between dam injection/discharge with
monthly precipitation to detect consistent co-occurrence in time or by a lag of time.
The wavelet coherence of the dam discharge and precipitation at YiBin (Figure 6-7) has a
high coherence at the 2-year scale from 2003 to 2013, and high coherence at the half-year period
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scale at 2004, 2006, 2008, 2011 to 2024, and 2017. There is a high-to-low coherence change
pattern once each year, shown as the scattered color change at the seasonal and shorter periods.
The phase arrows in this result have a majority in the rightward direction, which means the two
datasets are in-phase with each other. There are some leftwards arrows, which means an anti-phase
of the two datasets that year.

Figure 6-7. The wavelet Coherence of the Dam discharge and precipitation at YiBin without annual cycle

The wavelet coherence of the dam discharge and precipitation at Chongqing (Figure 6-8)
shows high coherences at the 2-year level from 2005 to 2009 and 2012 to 2017. A high coherence
shows at the annual level in 2003, 2007, and 2010. There are three bright spots in the first five
years, 3 in the middle five years, and five bright spots in the third five years on the seasonal and
half-year level.
Due to possible data noise, the phase arrows do not display a constant direction in general,
but the arrows at the large time scales (e.g., 2-year) are all rightward. There are five spots with
rightward arrows on the half-year and seasonal levels, three spots with downward arrows, and
three spots with leftward arrows.
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Figure 6-8. The wavelet Coherence of the Dam discharge and precipitation at ChongQing without annual cycle

The wavelet coherence of the dam discharge and precipitation at YiChang station (Figure
6-9) shows a high coherence at the 2-year scale from 2009 to 2017, a high coherence at the annual
scale from 2004 to 2007 and 2014 to 2017, and a high coherence bright spots at the ½ year to ¼
year level every year. Most of the phase arrows are to the rightward and downward.

Figure 6-9. The wavelet Coherence of the Dam discharge and precipitation at YiChang without annual cycle

Besides the majority right and down arrows, the arrows on the two-year level are to the upleft direction. The arrows in 2013 with a ½ year to ¼ year period are to the left and up-left
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directions. The right arrows mean the precipitation at this station is in-phase with the dam
discharge in the year at the scale indicated by the y-axis. The upward tilting and direction indicate
that the dam discharge leads the precipitation in time, while the down arrow means the
precipitation data are leading the dam discharge in time.
The wavelet coherence of the dam discharge and precipitation at WuHan station (Figure 610) is less in the coherence compared to the other stations. There is a high coherence at the 2-year
level from 2015 to 2016. There are two high magnitudes at the annual to ½ year scale in 2009 and
2013 to 2014. There is also a high-to-low coherence magnitude change each year at the seasonal
or smaller time scales. The arrows on the 2-year level are in the up-left direction, which means the
dam discharge data leads the precipitation data with an anti-phase. The arrows before the year
2010 pointing to the left mean the two datasets are at the anti-phase, while the arrows from the
year 2010 to 2014 are rightward, which means datasets are in-phase. The year 2010 and 2015 have
upward arrows, which means the dam discharge leads the precipitation.

Figure 6-10. The wavelet Coherence of the Dam discharge and precipitation at WuHan without annual cycle

The wavelet coherence of the dam discharge and precipitation at AnQing station (Figure
6-11) has a high magnitude of coherence at the 2-year level from 2003 to 2010. High coherence is
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located at the annual level from 2015 to 2018. There are 16 high-to-low magnitude changes scatter
at the seasonal and shorter time intervals, one high coherence every year. The phase arrows in this
result do not have a consistent direction. The ones at the 2-year level are towards the down-right
direction; the ones at the annual level are towards the up-left direction, and the arrow directions
for the bright spots at the seasonal level are in different directions.

Figure 6-11. The wavelet Coherence of the Dam discharge and precipitation at AnQing without annual cycle

The wavelet coherence of the dam discharge and precipitation at NanJing station (Figure
6-12) has a high coherence magnitude at an annual to 2-year period level from 2010 to 2018.
Several bright spots are at the ½ year and ¼ year level. There is almost one bright spot every year
at the seasonal level besides 2006, 2013, and 2014. The phase arrows at the 2-year level are to the
left, and the up-left direction means the datasets are anti-phase, and the dam discharge data lead
the precipitation. In 2007, the arrows at the one-year scale were to the down-right direction, which
means the datasets are in-phase with the precipitation leading slightly. The arrows at the seasonal
level in 2003, 2007, 2010, 2012, and 2018 are in the up-right direction, which means the two
datasets are mostly in phase with dam discharge leading. 2004, 2005, and 2015 arrows at the
seasonal level are to the down-right direction, which means an in-phase relation and precipitation
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is leading dam discharge. There are also downward arrows in 2008, which means the precipitation
data always leads to the dam discharge data.

Figure 6-12. The wavelet Coherence of the Dam discharge and precipitation at NanJing without annual cycle

6.3.The Correlation Map of River and Dam Injection/ Discharge
The correlation map between the river discharge and dam injection and the river discharge
and dam discharge is calculated using original data and the data after removing the monthly
average.
The correlation map for the original dam discharge and river discharge data (Figure 6-13)
displays a high correlation along the river and the river basin upstream of the dam with the dam
location marked and the correlation level. The highest correlation with a value over 0.9 is
concentrated near the main river channel. The dam discharge shows a particularly high correlation
with the upstream river channel than the rest area. The dam discharge map's overall high
correlation areas are concentrated into the narrow corridor along the river channels. The correlation
map for the dam discharge and river discharge data after removing the annual cycle (Figure 6-14)
shows a contrast between the river channel and basin areas. The areas with a correlation value over
0.7 are concentrated along the river channel both upstream and downstream the reservoir.
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Figure 6-13. The correlation map of daily Dam discharge and daily river discharge

Figure 6-14. The correlation map of daily Dam discharge and daily river discharge without annual cycle

The correlation map for the original dam injection and river discharge data (Figure 6-15)
shows the same trend as the discharge map. The highest correlation (over 0.8) is along the river
channel, with a lower correlation between 0.8 to 0.6 in the upstream basin. The correlation map
using the dam injection and river discharge data after removing the general annual cycle (Figure
6-16) shows a stronger contrast between the river channel and basin areas. The areas with a
correlation value over 0.6 are concentrated around the dam area and starches both upstream and
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downstream. The correlation decreases while moving further upstream and downstream, but the
river is always higher than the adjacent basin areas. The high correlation starches further in the
upstream river into smaller rivers but not too much in the downstream.

Figure 6-15. The correlation map of daily Dam injection and daily river discharge

Figure 6-16. The correlation map of daily Dam injection and daily river discharge without annual cycle

6.4.The Correlation Map of River and Precipitation
The correlation map between the monthly average River discharge and monthly
precipitation is calculated to use the original data and the dataset after removing the monthly
59

average. The correlation map shows the correlation between the time series of each stational
precipitation dataset's monthly sum and the time series of the roster River discharge map.
Among all the stations, YiBin station (Figure 6-17) shows a high correlation with the
Yangtze River's whole upstream area. The precipitation at this station shows a strong correlation
with the upstream basin, the main water supply for the upstream Yangtze River. Along the
downstream river from the station, there is an average of 0.6 correlation near the stream networks,
which is higher than in other areas. In this contour map, the River channel's shape is well outlined
what is the average correlation around 0.6 to 0.7.

Figure 6-17. The correlation map of precipitation at YiBin and river discharge

The correlation map for the datasets after removing the annual cycle (Figure 6-18) has a
lower correlation than the map without removing the annual cycle. The highest correlation is
around 0.5, and the extent of high correlation areas is small. The high correlation area is near the
gauge stations. Around the precipitation station, the highest correlation is not located near the river
channel. Overall, the correlation in the river areas is lower than in other locations. The contours
outline the upstream channels. This indicates the correlations between precipitation at this station
with the discharge inside the Yangtze river channel are similar for this section of the river.
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Figure 6-18. The correlation map of precipitation at YiBin and river discharge without annual cycle

The ChongQing Station (Figure 6-19) has a high correlation in the river's upstream to the
reservoir. The high correlation area is similar to the high correlation area of the YiBin station. This
area is the mountain area, which is the original of the Yangtze River. The high correlation area in
the midstream is concentrated around the reservoir area. In this map, channels are not outlined by
contours in the upstream and reservoir area but outlined in the reservoir's downstream area.

Figure 6-19. The correlation map of precipitation at ChongQing and river discharge
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The correlation map of the dataset after removing the monthly average (Figure 6-20) also
show high correlation areas around the station and the reservoir. The dataset's overall correlation
is lowered by removing the annual cycle, with the maximum value at around 0.4. The overall
correlation is lower than the YiBin station. In this map, the river's outline is not clearly outlined
by the contour because the contour areas are larger than the river channels. This indicates that the
influence at this station is wider.

Figure 6-20. The correlation map of precipitation at ChongQing and river discharge without annual cycle

The YiChang station (Figure 6-21) has a lower overall correlation compared to the YiBin
station and has a higher overall correlation than the ChongQing Station. In this map, the highest
correlation appears in the reservoir. This indicates that the station's monthly precipitation is highly
related to the river discharge near the reservoir area. A high correlation contour outlines the
downstream channels near the river channel.
The correlation map of the datasets after removing the annual cycle (Figure 6-22) also
confirms the high correlation between the monthly precipitation at YiChang station and river
discharge. The map shows the same observation as from the ChongQing station that the high
correlation areas are located away from the Yangtze river's main channels rather than nearby.
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Figure 6-21. The correlation map of precipitation at YiChang and river discharge

Figure 6-22. The correlation map of precipitation at YiChang and river discharge without annual cycle

The correlation map at WuHan station (Figure 6-23) has high correlations near the station
and the downstream sections of the Yangtze River. The high correlation area encloses sporadic
negative correlation areas. The correlation map after removing annual cycle (Figure 6-24) has a
maximum correlation value of around 0.5. The high correlation areas are distributed around the
station.
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Figure 6-23. The correlation map of precipitation at WuHan and river discharge

Figure 6-24. The correlation map of precipitation at WuHan and river discharge without annual cycle

The correlation map of the monthly precipitation at AnQing station and the River discharge
(Figure 6-25) shares a similar trend with the previous WuHan station. This map also has a high
concentration of high correlation value around the station location, and it spread to the downstream
watershed from the station. Inside the high correlation area, there is a line of the lower correlation
value.
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Figure 6-25. The correlation map of precipitation at AnQing and river discharge

The dataset's correlation map after removing the annual cycle (Figure 6-26) at AnQing has
the highest correlation of around 0.5, which is the same as the WuHan station and higher than the
stations upstream from the reservoir. The high concentration area in this location is also
concentrated around the precipitation station. The high concentration area shown as red color is
also divided by a lower concentration along the River channel shown as blue and green.

Figure 6-26. The correlation map of precipitation at AnQing and river discharge without annual cycle
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The correlation map of the precipitation at NanJing station and the river discharge (Figure
6-27) has a concentration of the highest correlation around the station location, spreading towards
the coast. In this map, the outline of the River is not outlined by the contour and hard to find.
However, one section of the river is outlined by a lower correlation inside the River channel with
blue color within a higher correlation outside the River channel as an orange color. This section of
the river is located at the left of the dark red concentration area around the station.

Figure 6-27. The correlation map of precipitation at NanJing and river discharge

The correlation map of the monthly precipitation at NanJing station and river discharge
after removing the annual cycle (Figure 6-28) has a large negative correlation area and only a tiny
area of high correlation around the precipitation station. Unlike the previous two stations, which
are also downstream from the reservoir, in the correlation map of this station, the river channel is
well outlined by a steady negative correlation concentrated along the river channel. Similar to the
correlation map before removing the annual cycle, the red area with a high correlation stretches to
the coast.
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Figure 6-28. The correlation map of precipitation at NanJing and river discharge without annual cycle

6.5.Discussion
The correlation maps of the river discharge with the dam operations show a substantial
similarity in time between the datasets. This result confirms the assumption that the dam discharge
has a direct and quick influence on the downstream river discharge, and the correlation is coherent
along the main channel only (Lai et al., 2014). The low correlation in other basin areas indicates
the dam discharge has little impact on the branches and groundwater. To reduce the impact in the
mainstream of the Yangtze river from dam discharge, constructing smaller canals or ditches in the
immediate downstream areas could be a solution.
The correlation map of the monthly precipitation with the average river discharge with the
annual cycle shows an even higher correlation on the whole watershed from the most upstream
headwater area to the downstream river basin, especially at the three stations upstream dam. The
more downstream the station is, the smaller the high correlation area. This could be explained by
the upstream precipitation that may influence the downstream discharge through surface flow and
runoff.
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After removing the annual cycle, the data's correlation map shows a smaller area influence
by the precipitation since the seasonal trends are removed by subtracting the monthly average from
the time series. For the two stations upstream of the dam, the precipitation data have a narrow strip
of high correlation area with the river discharge in the Yangtze River's main river channel. The
three downstream stations show an opposite pattern that only a small area with high correlations
exists around the station, and correlation is low in the main river channel. This result indicates that
the precipitation has a limited influence area on the downstream from the reservoir and has little
impact on the Yangtze River's river discharge, which are opposing to the previous studies (Ding
et al., 2009; Wei, Chang, & Dai, 2014).
The wavelet coherence result between dam discharge and injection with the river discharge
shows a high coherence of the dam discharge and injection data with the river discharge data.
Considering that they all have their seasonal trend removed, the result's coherence is not due to the
natural seasonality but human manipulations. This strong relationship is also shown in the
correlation map, where the river discharge in the main channel has a high correlation with the dam
operations. The phase arrows also prove that these datasets are in-phase with each other most of
the time. This scattered coherence change on the seasonal level could be explained by the scattered
pattern of the dam injection and discharge data's wavelet magnitude and the river discharge data
in the wavelet analysis section. Simultaneously, some of these high coherences show that the two
datasets are anti-phase with each other. In other words, whenever one is increasing, the other would
decrease. Many in-phased high coherences in the graphs show a strong relationship between the
dam operation and river discharge.
The wavelet coherence result between dam discharge and the precipitation datasets does
not show a strong coherence in multiple periods like the ones between dam operation and the river
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discharge. The phase arrows in these results do not show consistency in their direction. The phase
arrows show an anti-phase between the dam discharge and precipitation, which means the increase
in dam discharge co-occurs with a decrease in precipitation. Also, the precipitation is the leading
in time in many high coherence magnitude situations, which means the precipitation is the main
driving force of river discharge and dam injection and discharge events.
Because the natural seasonality has been removed, the remaining coherence indicates
significant human input to change the river's flow regime and local precipitation (Ding et al., 2009;
Wei et al., 2014). Also, since the dam operation is human-controlled, the dam discharge will be
manual decreased if the upstream or downstream weather station reports a heavy rainfall (L. Wu
et al., 2006). Overall, the general right direction arrow and high coherence magnitude in the
analysis results show that the dam discharge shows a leading and in-phase relation with the
precipitation along the river in many situations.
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Chapter 7. Conclusion

In this study, three major datasets related to the Three Gorges Dam and Reservoir were
explored. The dataset’s basic statistics, their periodic pattern and characteristics, and their
correlation and periodic coherence are presented and discussed. There are serval essential results
and conclusions that would be interesting to the academic society and future studies.
In the general statistical analysis, the changing pattern on the precipitation after the dam
and reservoir construction shows a high possibility that the reservoir changed the landscape and
climate condition causing the precipitation to change along the whole River basin. The vast water
of the reservoir may change the heat and water exchange pattern nearby. The river discharge
datasets show similarity at different locations downstream of the reservoir. Despite the seasonal
impact by the East Asian monsoon in the downstream area, such changes in the precipitation by
the dam's construction are unexpectedly large.
In the wavelet analysis, the precipitation datasets decrease wavelet magnitude after 1998
when the dam was built. The annual cycle, show as a bright year line through the time range, is
still existing in the analysis result after 1998, but the magnitude of the annual cycle has reduced.
The river discharge shows a decrease of wavelet magnitude at the three downstream locations. The
possible explanation of this pattern could be the human-controlled dam discharge. The constant
water level maintained in the reservoir by human control would slow down the flow speed and
stabilize it.
In the wavelet coherence analysis, the dataset's periodic properties show that besides the
general seasonal change, there are other periodic signals in the datasets being coherent in time.
This may be attributed to the simultaneous impacts on both precipitation and river discharge by
the dam operation. The study results show a very noticeable coherence between the dam discharge
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with the river discharge along the river and a less noticeable but still significant coherence between
the dam operation and precipitation. The dam and reservoir could have changed the precipitation
by redistribution of soil moisture, groundwater level, and air humidity and enhanced the monsoon
in the downstream of the river
In short, this study confirms there exists a significant influence of the Three Gorges Dam
and Reservoir on the Yangtze river basin through analyses of the correlation pattern of
precipitation and river discharge from different locations along the river. It also finds that the dam's
influence on the climate is more significant than expected and reported in previous studies. Based
on this study's result and conclusion, the research on other dams and using other climate parameters
could be further discussed. More parameters shall be added in the future studies, such as soil
moisture, groundwater table, and air humidity.
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